Abstract. certain mutations in mitochondrial dna (mtdna) are associated with leber's hereditary optic neuropathy (lHon). in particular, the well-known nadH dehydrogenase 4 (ND4) m.11778G>a mutation is one of the most common lHon-associated primary mutations worldwide. However, how specific mtDNA mutations, or variants, affect lHon penetrance is not fully understood. The aim of the current study was to explore the relationship between mtdna mutations and lHon, and to provide useful information for early detection and prevention of this disease. Following the molecular characterization of a Han chinese family with maternally inherited lHon, four out of eight matrilineal relatives demonstrated varying degrees of both visual impairment and age of onset. Through PCR amplification of mitochondrial genomes and direct Sanger sequencing analysis, a homoplasmic mitochondrial-encoded ND4 m.11778G>a mutation, alongside a set of genetic variations belonging to human mtdna haplogroup B5b1 were identified. among these sequence variants, alanine transfer rna (trna) ala m.5601c>T was of particular interest. This variant occurred at position 59 in the Tψc loop and altered the base pairing, which led to mitochondrial rna (mt-rna) metabolism failure and defects in mitochondrial protein synthesis. Bioinformatics analysis suggested that the m.5601c>T variant altered trna ala structure. Therefore, impaired mitochondrial functions caused by the ND4 m.11778G>a mutation may be enhanced by the mt-trna ala m.5601C>T variant. These findings suggested that the trna ala m.5601c>T variant might modulate the clinical manifestation of the lHon-associated primary mutation.
Introduction
leber's hereditary optic neuropathy (lHon) is a maternally inherited disease that affects 1 in 31,000-50,000 people and culminates in the bilateral loss of central vision (1) (2) (3) . in the north east of england, it has been reported that 1:8,500 individuals harbor a primary lHon-causing mutation and 1:31,000 experience visual loss as a result of lHon (4) . Patients with lHon may exhibit abnormal symptoms, including movement disorders, dystonia or multiplesclerosislike symptoms, which pose a significant challenge for clinicians (5, 6) . Few significant improvements in visual acuity are reported following atrophy of the optic discs. lHon demonstrates an incomplete penetrance for both vision loss and gender bias; lHon affects males more frequently than females (7, 8) . Three primary mutations including the nadH dehydrogenase (nd) 4 m.11778G>a, ND6 m.14484T>c and ND1 m.3460G>a have been identified in 90% of patients with LHON (9) (10) (11) . Yet the molecular mechanisms of these mtdna mutations in the phenotypic manifestation of lHon have not been elucidated.
To understand the role of mitochondrial dysfunction in lHon, an extended genetic screen for mtdna variants was performed in a Han chinese family with a high prevalence of lHon. Sequence analysis of the complete mitochondrial genome identified the occurrence of an ND4 m.11778G>a mutation and an alanine transfer rna (trna ala ) m.5601c>T variant within matrilineal relatives of the proband. in addition, bioinformatics analysis was performed in order to explore whether the m.5601c>T affected the trna ala secondary structure.
Patients and methods
Patients and genetic screening. To identify mtdna variations in chinese patients with lHon, a Han chinese family was recruited from Hangzhou First People's Hospital (Hangzhou, china) in January 2018, and blood samples (5 ml) were collected from each matrilineal relative of the proband. Blood samples (5 ml) from unrelated control subjects (n=300) from the same geographical region recruited at the Hangzhou First People's Hospital were also used in the present study. These Clinical examinations. The proband (ii-12) and other affected matrilineal relatives (ii-5, ii-7 and iii-8; Fig. 1 ) underwent comprehensive ophthalmic examinations, including visual field tests, examination of visual acuity, fundus photography, visual evoked potentials and determination of the degree of visual impairment, performed as previously described (12, 13) . The degree of visual impairment was classified based on the following criteria (12,13): healthy, ≥0.300; mild, 0.100-0.299; moderate, 0.050-0.099; severe, 0.020-0.049; and profound, <0.020.
PCR and genetic sequencing to identify mtDNA variants.
Genomic dna from lHon patients and control subjects was extracted using a dna extraction kit (Qiaamp ® dna Blood Mini kit; Qiagen GmbH), according to the manufacturer's protocol. The complete mitochondrial genomes of ii-5, ii-7, ii-12 and iii-8 were amplified in 24 overlapping fragments using 200 µM dnTP, 10X buffer, Taq dna polymerase and 15 mmol/l Mg 2 (cat. no. r004a; Takara Biotechnology, co., ltd.). The 24 sequences of light-strand and heavy-strands oligonucleotide primers for amplification of mtDNA genes were used according to a previous report (14) . The following thermocycling conditions were used for PCR: 95˚C for 5 min; 30 cycles of 94˚C for 10 sec, 60˚C for 30 sec and 72˚C for 1 min; and a final extension at 72˚C for 5 min. After confirmation of band of interest, the Pcr products were purified using the PureLink gel extraction kit (invitrogen; Thermo Fisher Scientific, inc.), according to the manufacturer's recommendations. dna samples with concentrations >1.0 ng/µl were sequenced using the Bigdye™ Terminator cycle Sequencing reaction kit (applied Biosystems; Thermo Fisher Scientific, inc.) and an aBi PriSM ® 3700 dna analyzer. Sequencing data were compared with the updated cambridge consensus human mitochondrial genome sequence (accession no. nc_012920) using dnaSTar version 5.01 (dnaSTar inc.) (15) .
Phylogenetic conservation analysis.
Phylogenetic analysis was performed to determine the potential pathogenic role of the identified mtDNA mutations. Briefly, 17 different species were selected for phylogenetic analysis (Table i ). The conservation index (ci) was measured by comparing the human nucleotide alternations with the nucleotide sequences of other species. Ci≥70% was implicated to have functional significance (16) .
Bioinformatics analysis. To determine whether the m.5601c>T variant affected trna ala secondary structure, the rnafold web server program was used (http://rna.tbi.univie. ac.at/cgi-bin/rnaWebSuite/rnafold.cgi), as previously described (17) .
Determining the pathogenicity of the variant. The role of the trna ala m.5601c>T variant was determined using the pathogenicity scoring system, as described by Yarham et al (18) . in brief, mutations were classified as: 'neutral polymorphism', ≤6; 'possible pathogenic', 7-10; 'definitely pathogenic', ≥11.
Statistical analysis. SPSS 17.0 software (SPSS inc.) was used for statistical analysis. Fisher's exact test was used to assess the differences between groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Clinical presentation of a Han
Chinese family with LHON. a pedigree chart from a Han chinese family with a history of lHon is presented in Fig. 1. There were four lHon patients presented in the pedigree (three males and one female), aged 7-39 years old. Medical history analysis of the proband (ii-12) confirmed that no other clinical disorders, such as deafness, diabetes mellitus, cardiovascular diseases, cancer or neurological disorders, were present. Following comprehensive genetic counseling at the department of ophthalmology in Hangzhou First People's Hospital, the proband (age, 39), was found to have begun suffering from painless and progressive bilateral loss of vision at the age of 19, manifesting as a dark cloud in the central vision and difficulty differentiating different colors. ophthalmic examination revealed large centrocecal scotoma in both eyes, a typical clinical feature of lHon (13) . a total of three out of seven matrilineal relatives (ii-5, ii-7 and iii-8), in addition to the proband (ii-12), suffered from moderate to profound visual impairment (Table ii) .
Screening for mtDNA mutations. To investigate the molecular basis of lHon, ii-5, ii-7, ii-12 and iii-8 were screened for mutations following Pcr amplification of the mtdna genomes. Sequence analysis of the mtdna Pcr products (20) (21) (22) . Of all identified variants, only tRNA ala m.5601c>T and ND4 m.11778G>a were conserved. notably, the m.5601c>T and m.11778G>a mutations were absent in the 300 control subjects compared with the mtdna genomes of the matrilineal relatives (P<0.05). Taken together, these results indicated that trna ala m.5601c>T and ND4 m.11778G>a may have active roles in the pathogenesis of lHon.
in addition, the results revealed that the ratio between affected males and females carrying ND4 m.11778G>a mutations in this case study was 3:1, which was similar to previous studies on families with lHon carrying ND4 m.11778G>a mutations (Table iV) (23) (24) (25) (26) (27) (28) . These findings suggested that the m.11778G>a mutation may be the molecular basis for the lHon phenotype.
m. 5601C>T variant alters the tRNA
Ala structure. The m.5601c>T variant is located at a highly conserved position in the Tψc loop within the trna ala (29) ; thus, the point mutation results in a missense mutation that creates a novel base pairing (55T-59c) (Figs. 2 and 3) . Subsequent bioinformatics analysis revealed that the m.5601c>T variant caused a structural alteration of trna ala (Fig. 4) , which indicated that m.5601c>T may have an impact on trna ala function.
m.5601C>T variant is 'possibly pathogenic' for LHON. The pathogenicity scoring system described by Yarham et al (18) was used to determine the role of the trna ala m.5601c>T variant. as presented in Table V , the total pathogenicity score for the m.5601c>T variant was 8, placing it within the 'possibly pathogenic' category for LHON.
Discussion
in the present study, a Han chinese family with maternally inherited lHon was clinically and molecularly characterized. one of the most common features of lHon is bilateral loss of vision in the matrilineal relatives of the proband (9); this preferential effect on vision has facilitated the positive association between mtdna mutations and lHon (30) . clinical evaluation of this family revealed that the age of onset for visual impairment between 3 and 19 years. The association between m. 11778G>a and lHon was reported as early as 1988 (31) . in the present study, patients harboring the m.11778G>a mutation had different mtdna haplogroups, suggesting that the m.11778G>a mutation occurred sporadically and multiplied through evolution of the mtdna in china. The varying degree of visual impairment in this chinese family suggested that modifying factors, such as nuclear genes, environmental factors and mitochondrial genetic polymorphisms, may also contribute to lHon penetrance (32) . in particular, secondary lHon-associated variants, such as ND1 m.4216T>c and ND5 m.13708G>a mutations in the mtdna haplogroup J, may increase the penetrance and severity of lHon, in combination with the primary mutations, in european populations (33) . mtdna haplogroups M7b1'2 and M8a have been implicated in the clinical expression of the lHon-associated ND4 m.11778G>a mutation (33) .
in the present study, sequencing of the complete mitochondrial genomes of the matrilineal relatives (ii-5, ii-7, ii-12 and iii-8) revealed a set of genetic polymorphisms from the asian mtdna haplogroup B5b1 (19) . of these variants, trna ala m.5601c>T was of most interest because this variant is located at a highly conserved nucleotide in the Tψc loop of trna ala (position 59), which is thought to be involved in tertiary interactions between the Tψc loop and the truncated d-arm (34) . Bioinformatics analysis revealed that the m.5601c>T variant created a novel Watson-crick base-pairing (55T-59c). The trna ala m.5601c>T variant has previously been associated with maternally inherited hypertension and mitochondrial Table ii. Summary of the clinical data for the proband (ii-12) and matrilineal relatives (ii-5, ii-7 and iii-8) in the Han chinese family with maternally inherited leber's hereditary optic neuropathy. myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (35,36) . Therefore, the m.5601c>T may alter the secondary structure of trna ala and impair the mt-trna metabolism and protein translation, and contribute to the lHon phenotype. a previous study has demonstrated that the m.12192G>a mutation, occurring at a similar position on trna His , modulates the clinical expression of deafness in a chinese pedigree (37) , whereas the m.5601c>T variant may increase the penetrance of the hypertension-associated trna Met m.4435a>G mutation (35) . Zhou et al have previously described the association between the trna ala m.5601c>T variant and lHon in seven Han chinese families (38) . However, these families only carried the m.5601c>T variant, and did not harbor the three lHon-associated primary mutations (ND4 m.11778G>a, ND6 m.14484T>c and ND1 m.3460G>a), thus exhibiting very low penetrance and severity of visual impairment (4.5-25.0%) (38) . in the present study, the penetrance of LHON-induced visual impairment was 40%, which suggested that the combination of the ND4 m.11778G>a mutation and the trna ala m.5601c>T variant may be responsible for the higher prevalence of lHon in this family.
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results from the present study suggested that the trna ala m.5601c>T variant could increase both the prevalence and the expression of the lHon-associated ND4 m.11778G>a mutation. evidence to support this includes the fact that the mutation occurs at a highly conserved nucleotide of trna ala , which is critical for basal trna activity and normal function (29) . The present data demonstrated that the m.5601c>T variant alters the secondary structure of the trna ala gene. Finally, the pathogenicity scoring system generated indicated that the m.5601C>T variant was 'possibly pathogenic' (18) . Therefore, the mitochondrial dysfunction, caused by the ND4 m. 11778G>a mutation, may be worsened by the m. 5601c>T variant. in conclusion, the m. 5601c>T variant may have a modified role in clinical expression of LHON-associated m. 11778G>a mutation in this family.
nevertheless, the incomplete penetrance of visual impairment in this family (as evidenced by family members harboring these mutations but exhibiting normal vision) indicated that the ND4 m.11778G>a and trna ala m.5601c>T variants are insufficient alone to produce the observed clinical phenotypes. Therefore, it is likely that other risk factors, including environmental factors, nuclear genes and epigenetic 
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